
phi8 report smnmeriaes the work accomplished under ?MA contract 

Bas 2-3.460 dur3.q the tim period f'rm October 1 to October 31, 1963. 

Tho effort was concentrated in the area8 of beating the interseation 

of ahook wave8 and shock wave8 with weak vortex sheeta with real gas 

effmta, developing the laminas boundary layer solution with real gaa, an8 

in8.grati4g the lsminar bo- layer solution with the uharaeteriat2c 

8 O h t I a .  

hrbg the aaoath of Oatobrr, the rmtlne far the interseotiLon of 

ahrwks of the same family was aesemblad fm the equilibrium r e d  gas wag. 
-- 

eeotSan point, end d s o  the damstream flowfield. 

inomparabd-ta detet.pilirrs 51 a yB&k shock or erpsnsion fan l a  rsflm&d 

ilwa the point of intshsmettan, If ei- of these situations o c m ~ ,  the 

reflectad shock ab fan is computed along With the rest of the flow f i e l d .  ' 

It l e  expesfed that an exparaaion fan w i l l  result in the leajarity of oaaea. 

In addition, a test $8 

Ths Mathematical haw58 boup I s  currently plcogrammtng a routine x o  
0 a u o  
2 5 reeenf2y forwarded to them far computing the m u b l  defleation caused by 

ths htersecrtion of a ehock wi th  a mak varlax sheet. The routines far 

h k r a e C t l O n  of ahocka of the ~ a m e  family are now being progrtllrraed far both 

the real gas and Derfeot gae aasea. Much of the present effurt i s  being 



of inlet spauage drag. 

The difficulties mentioned i n  tb September progress repart, which 

Involm %ha curw fitting of invieaid flowfield properties, have been resolved 

to a large extent, The Forfmm IV carve fitting routine has been modlfied to 

w double preclslon techniques. Errors observed in using the hproved routine 

an it f a  used t o  o b w n  inoiec!lQ properties far the baundary l a p  solution 

and also is nsed in the ahoak point routine when the f l u l d  rzpstcrem of the 

6hock io not the A.ee stream, 

Numerical difficulties ham been encountered in obtaining convergence for 

(WIMPal of tiha rou%inor mzch UI the rprah-cuttlng routine. Robfism~s of tbi. 

nature, a8 well as aorreation of ndnor programming errors, continue t o  occupy 

iT (6. 

i a a portion of tsIs offart. The blunt body output for Me b a t  case mpplled 

by Am8 hn6 been drbdnsd wing th moaiiied Van Dyke solution. Several runa 
* 

i 

X f  tb bwiy I s  blunted, the vl8crous flov In the stagaatloa region l a  aom- 

hwa the zamdnss boundary layer aolution. The procedure I s  ta compute 

the imiec id  flow field fram the blunt body program, supplied by Ames, up to 

the s d c  Une. Next, the local f l o w  pawperties from this inviscid solution, 

m e  takes a t  the wall. and used in the laminar boundary layer solution. The 
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blnnt bo$. reeon fa  broken up in -33 incrementa a%, where x is 

psanea6nt tMob8es b, and heat buwfar are itanputad at  each atation x 

fim the stagnation point x = 0 to the sonic point x = I . 
at  the stagnation point ie unity, and tbep 8 away f+rom the stagnation 

paint are computed. 

m d  thrr t ~ ~ r f a G C 8  aad the bauradary hv thickness, 8 die- 

The i n i t i a l  (3 
8 

9 

/ .  ' . 

Pram the above solution the boundary Layer characteristios are 

determined at  the input l ine  to the characteristic solution. The body, 

starting at  the input liae, I s  oorrected far the boundary layep displacement 

tbfckness st each body pofnt computed by the oharacteristio solution. In 

this nwnnar the dispbcerppemrt thickness due to the boundary Layer is Included 

i n  the inviecid flow field a8 the solution pogreseee damstream, T h i s  

procedure minimims the mohine storage problem. 

Theas rautinee have been released to Mathematical Analysis and are 

&ansition and shock boun8ary layer infer- 

aetlcm rmtines, how=, are still under deoelopnent. 

we& l a  the ahoak bumdary lam interactian dltudy are Refereneeis 6 - 8. 

sbme of the referenees 

'hro basis rssfhoda exist  f a  eolving the boundary layer equartions. QK+ 

ie 60 0tr)aia sbtlat rrolatiaas by rebaing the partial differential equatioas 

to ardinary differential equations through a tzaasformation. The transformathn 

18 mde ettnh that only one independent variable exists. This actual ly  reqwlres 
. .  

apeaid. boundary condition8 and i a  o& applicable for special boundary layer 

P b D W ,  1+ ete, rtagzmtio; flow and oero pressure gradient n o w ,  Reference 1 

and 5.' *I'm- an arbitrary pressure gradient local similarity may be assumed where 

the nolr-sidlarlty terms are neglected, Reference 2 and 3. Then with the proper 

Y 

6 

. .  



. i’ 

bcmndaq o&&iapu an8 i n i a l  conditions, tbe o r d i m  diffbrentlal 

tfie bamrdary layer, again reducing the p.e&ial differential equations to 

ardlnary defferential equatfons wi,th in tegra l  parameters. 

velooity profib lau, proper cmelations, and boundary conditions, the 

’Phen With a 

equations apay be hlolved again by lnmrerical mthods on a aigital computer. 

Sinue only Integral  paragmters appear in the differential equations, the 

method i a  prtiaularly atbaafive to turbulent boundary layers. 

Far the yweeent program the h n l n a r  boundary lam is  treated by the 

farnrpr arathod and thei turbulent boundary layer f e  naturally treated by 

ths latfar method0 The detai ls  of the turbulent baundary layer solution 

w i l l  be givbn i n  a f‘uture Fr0g;resrS Repart. 

A d e w l e d  diecnsslon of laminar solution i s  included below. Subeequent 

t h i m d y m n d c  p r O p t W t 1 0 8  of the gas. Far compbtely frozen flow, howemr, ths 

gQ6 propertie6 w e  not turlquely defined by the pressure and density of the p 

but depend also on the molecular concentration of the gas. 

fb. fwllmbg S88umptdOnS are made far both fk08m and eqUilibriUfll f low 

in the present analysfe. 

1. 

2. 
30 

A l l  gas apeaies considered behave as perfect gas species. 

Radiation effeuts between the body and gas are negligible. 
The f l o w  is twodimensioaal or axial ly  symmetriu. 



. *  

The bcmdary laJper equatione,compatible with these asswnptions, become 

oontimxity of lg8~pl: 

Continuity of maae species: 
c 

Momentum equationo 

Energy equation$ 

I, ( 4 )  i. e H t (Pr - 1) (uu~) 
l ? r y  R X 

with the boundary aonditionst 

H = Heat transfer t o  wall 

H = 0 Zero heat transfer t o  the wall.  
Y 

At the edge of the boundary layer, y = 6, 

u = u* 

H = €$ = constant 

Nau following the approach of Reference 3, the transformation of ths 

boundary layer equation8 (1) - (4) are made with the coordinates 



Introducing these ~ar5ablee in the bovuldary layer equations and 

Tota l  enthalpy ratio: 

(7 )  4 = H/H* 

Atomic concentration ratios 

( 8 )  ZA = 4/'& 
e 

and 

Pressttre gradient parameterg 

flom reduce t o  the following, see Reference 3 

P 

Speoiee equations 

v i t h  the boundary conditions 



. .  

t : 

(u) f ( 0 )  = .  fp(0) = 0 

g ( 0 )  = .fwuthhheat trenafer 

fv (0) = 0 Zero heat transfer 

z~(o) = o Catalytic wan 

and 

The parameter 43 i a  assumad t o  obey the comelaklon of Reference 5 , or 

= 2.11918686 x 10 8 f ' t 2 / a ~  2 
. hE 

baundtgr layer the density r a t i o  P/P, is found 

Prom the equations, Refereme 4. 

lafiare the oonstants are 
2 2  h o =  1.6658086~10~ f i / e e o  

1 
k/llinl = 1715.577 ft2 

20 
sec R 

and 
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s ~ ~ o u s l y ,  

bazndmy eondiUons, specialmethads mst be used t o  solve these equations. 

Sinoa equathas(10) and (ll) are nonlinear and have tbie pcdnt 

Tha procedure is t o  guess for a l l  of the initial conditions,  equation (13), 

and Integrate equations (10) - (E) by Adam6 method from ? =  
the bomdary conditions of 2 = 6 e m  checked for unity, equation (13). 

initial oonaittons are pmturbed, through an optimization Drogram, until a l l  

0 to qz 60 Then 

The 

of the boundary conditions are unity. It  is evident that good guesses are 

required to enable a l l  of the boundary conditions to equal unity i n  a reasonable 

number of ifieratlons. It has been found, Reference G, that the guesses' 

(0) = .47 Heat Transfer 

.fv (0) = 0 Zero Heat Wansfer 

ZA (0) = 47 ~ a t a l y t i o  Wall 
? 

= 0 ~ ~ t a j y t i C w a l l  

a m  reasonable gue 

The v e l o o i ~  gradient term, f 

prarslopru gr)ad$ent parsmster 0 and a bet- guesa ir neaeasery. The s t a r U n g  

pdiat for &e laarintm boundary layer solution is  the etagnation point,(3 = 1, 

and fa t h i s  02188 Pay and Riddell, Refereme 1, have solved the above equations, 

0s- these SOlUtiOnS for various flow conditions, Fay and Riddel obtained 

(01, however, is quite sensitive to the 31 

correlations far heat transfer to the wall. 

RepolaS analoa, the following relation was obtained. 

Ueiag these corn la t iom and 

e l e  
Type of Solution 

Catalytic or noncatalytio wall 

't/ JRV 
.38 EqU3.libriuIP- 

040 Frozen - catalytic wall 
18 Frozen - noncatalytic w a l l  
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tha etagnation pair% Any from the stagnation paint, the prevbue initfal 

O o n d i U m  -de 

pifar a 60lUtfQlI to the bouodarjr layer equations has been abbznea at 
c 

a particular station x, the dlsplacemnt thickneee b and heat transfer 

Nu/(& Re) are computed and output, where the displaoement thicheaer is - 
(1 - ;e COS 0)  (fi - fq ) dy and ;I r3 Q 

(14) 6" ,&# J2 f 
j 

et3 ner e 

UMUm Fbx 

Far thermodyaamio equillbrrium flow i n  the boundary layer the procedure 

far ebtdning a solution f a  eiitlilar ermept far ths follaving. 

and (11) Vith the boundary oonditions 

Equation8 (10) 

(18) f(0) = f ? ( O )  = 0 

f ( 0 )  = tW with heat transfer 

zero b a t  transfer J"(o) = o 
and f7(m)= 4 (m) = 1. 

The phfslcal pqxrth3 of the gas are now obtained f'rm the Molller diagram. 

0th.rWise the procedure is the same as f'rozsn flow. 

A 8hpUPied block diagram for the landnar boundary layer progrm far 

both fkoaen and equilibrium f l o w  i s  given i n  Figtzre 1, 

1% is expected that a l l  progrf3ncdng Will be completed in Xovembr 1963t 
I 

TM6 Will al low approximately two months for complete program check but, 





-8 hoat 

bimhaular dif h i o n  aaef f iclent 

dcuxttyratio, 6 
enthalpy of farmation of species 

fatatic enthalpy 

rsferelaoe enthalpy 

total enthalpy 

expomint, 3 = 0 far two4bmnsianal 

e 

body; j = 1 fap. body of revolution, 

the& condwtivity 

-8 lltrmber 

lusselt numbem 

total pkesme 

- Prandtlnumber 
IC 

R .. Reynaldszrmsber 

r - of at raobt ion  

T - absolute temperature 

u,v, - trebalQ aompamnts In x and y dbeatlon respeot iaaly  

I - d i S b n c m  alongbodysurface 

- distance lbtolrrnl to body -face 

- ~ ~ B L I  fraction ratio H / K  

- mass fiaotion of atom 

- preesmv, gradient paramter, equation ( 9 )  

e 



b "  

. ..I , 

tokl entbalyg. ratio, 

vlaooeity ooefficieat 

similarity variables, ecpationtr ( 5 )  

)7 @ the edge of the boundary layer 

muss density 

8hem 8 k W 8  

density viscosity paciuct ratio, P+/pvfi 
angle between terngent of body ard oenterline 

$ h b C r f Q %  

- evaluated at refereme enthalpy He and local pressure 

- local value external t o  boundary layer 

- emluatedatwall 

t to x p  y,?, p. 

. .  , 
i , . 
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